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Unprecedented Restoration of a Native Oyster Metapopulation
ABSTRACT: Native oyster species were once vital ecosystem engineers whose populations have collapsed worldwide due to overfishing and habitat destruction. In 2004 we initiated a vast (35 ha) field experiment by constructing native oyster reefs o f three types (high-relief, low-relief, unrestored) in nine protected sanctuaries throughout the Great Wicomico River in Virginia, USA. Upon sampling in 2007 and 2009, we found a thriving metapopulation comprising 185 million oysters o f various age classes. Oyster density was fivefold greater on high-relief than low-relief reefs, explaining the failure o f past attempts. Juvenile recruitment and reef accretion correlated with oyster density, facilitating reef development and population persistence. This re-established metapopulation is the largest o f any native oyster worldwide, and validates ecological restoration of native oyster species.
IN TR O D U C T IO N
Along North American, European and Australian coastlines, native oyster populations have been devastated to less than 10% o f their historical abundance through overfishing and oyster reef destruction (Rothschild et al. 1994 , Jackson et al. 2001 , Kirby 2004 ). These vital ecosystem engineers influence nutrient cycling, water filtration, habitat structure, biodiversity, and food web dynamics (Grabowski et al. 2007 , Jackson et al. 2001 ). The widespread decline of these dominant suspension feeders was the main cause of eutrophication in estuarine ecosystems, owing to the shift from benthic to planktonic primary production and the accompanying hypoxia resulting from microbial decomposition (Jackson et al. 2001) . This phenomenon remains a leading cause o f ecosystem degradation in estuaries worldwide due to the largely failed efforts at oyster restoration (Lotze et al. 2006) . Consequently, non-native oyster species (e.g. Pacific oyster Crassostrea gigas) were introduced in many o f these ecosystems to recover lost economic and ecological benefits (Ruesink et al. 2005) , despite the unnatural alteration o f the world's ecosystems (Jackson et al. 2001 , Lotze et al. 2006 ).
In Chesapeake Bay, oyster landings o f the native Crassostrea virginica peaked in the 1880s at 20-25 million bushels per year, whereas recent landings are less than 200,000 bushels (Rothschild et al. 1994) . Concurrently, the natural populations were reduced to approximately 1% of historical abundance (Rothschild et al. 1994 , Jackson et al. 2001 , Lotze et al. 2006 , despite considerable expensive attempts to restore the populations. Introductions of C. gigas and other species were attempted through the 1900s, but failed due to biological and environmental impediments (Mann et al. 1991) .
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More recently it was concluded that revival o f the native oyster is unlikely, and that introduction of non-native Asian oyster (C. ariakensis) merits consideration (US Army Corps 2009). This conclusion was based on the premise that restoration failed largely due to the inability o f C. virginica to resist the challenge o f two diseases (MSX:
Haplosploridium nelsoni and Dermo: Perkinsus marinus). However, various unfished populations have overcome disease pressure by being allowed to live in protected reefs conducive to growth, survival and disease resistance (Lenihan 1999 , Encomio et al. 2005 . Moreover, the currently accepted strategy o f attempting to restore the wild fishery and native populations in tandem allows for destructive harvest practices that devastate the structural integrity o f reefs (Lenihan and Peterson 1998, 2004) 
Proportion of High-Relief Reef

Post-R estoration survey
The patent tong survey was conducted throughout the restored oyster reef areas ( Fig. 1 loss due to subsidence) HRR has achieved a dense population that has accreted enough additional shell material to now be considered HRR.
Estim ate o f 1994 oyster population in G reat W icom ico R iver (GW R)
To generate the population increase due to the restoration effort in the GWR over 
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The largest documented populations o f native oyster species comprise 24 million flat oyster Ostrea anagasi in Tasmania (Mitchell et al. 2000) and 100 million European flat oyster Ostrea edulis in the Mediterranean (Airoldi and Beck 2007) . For all other native oyster species, there is little data but their populations are much smaller than the Great Wicomico River population (Rothschild et al. 1994 , Kirby 2004 , Ruesink et al. 2005 , Lotze et al. 2006 ).
The major influence upon oyster reef success was reef height, which drove abundance and density across the reef complexes (Fig. 6 ). Despite their much smaller area (12.1 ha), HRR segments harbored 67% or 123.8 million oysters (Fig. 6a) , whereas the 23.2 ha of LRR contained 32% or 58.1 million (Fig. 6a ), and 43.5 ha o f UNB held only 1% or 2.6 million (Fig. 6a) . Irrespective o f reef type, adults were twice as abundant as young juveniles (Fig. 6 ). Mean oyster density per m was four-fold higher on HRR (1026.7 ± 51.5 SE) than on LRR (250.4 ± 32.3 SE); UNB only had 6.0 (± 1.5 SE) oysters/m2 (Fig. 6b) . The HRR density stands in sharp contrast to the typical average when a reef was 90% HRR (Fig. 2, r = 0 .86). For every 10% increase m the proportion of HRR, oyster density rose by 100 oysters/m2 (Fig. 2) . Similarly, oyster size (shell height) on HRR (47.3 mm ± 1.2 SE; Fig. 3 A) was 15% larger than that on LRR (41.0 mm ±1.1 SE; Fig. 3B ). The mechanism mediating the superiority o f HRR over LRR was most likely due to the optimal flow rates and corresponding healthier physiological condition o f oysters on HRR, which maximize growth and survival and minimize disease influence and sedimentation (Lenihan and Peterson 1998, Lenihan 1999) .
The sharply magnified oyster densities on HRR had two profound benefits for the long-term sustainability o f the restored population (Fig. 4a ) and the persistence o f the associated reef matrix (Fig. 4b) . First, there was a positive feedback between adult density and subsequent juvenile recruitment such that spat density was a positive parabolic function o f adult density, with a peak at an adult density o f 850 oysters/m , after which juvenile recruitment declined (Fig. 4a ). Variance in juvenile recruitment also differed by reef type (Fig. 4a) , and was distinctly lower on HRR (coefficient o f variation = 43%) than on LRR (129%). Thus, recruitment was not only much greater on HRR, but it was also more consistent than the variable and lower recruitment on LRR (Fig. 4a ).
Oyster (Fig. 6) . These results suggest that oyster reefs exist in two alternative states (Scheffer and Carpenter 2003) , one a heavily sedimented degraded state and the other a vertically accreting, elevated reef configuration comprised o f abundant oysters, which provides a positive feedback to reef integrity.
It has been suggested recently that native oyster restoration cannot succeed because restored reefs do not accrete reef material at sufficient rates to compensate for losses due to shell degradation and sedimentation (Powell et al. 2006, Mann and Powell 2007) . This conclusion is based on data from restored reefs characterized by poor habitat quality (e.g. low reef height), low recruitment, low standing stock, and ongoing exploitation, which destroys the reef architecture and removes large adults from the population (Lenihan and Peterson 2004) . Such reefs are comparable to the poorly performing LRR in the Great Wicomico River. In contrast, HRR are accreting shell at 2 1 rates significantly faster than 5.0 L m ' yr" , indicating that HRR has developed into a robust, permanent reef structure, whereas much o f the LRR is not likely to persist more than a few years. The HRR exhibit both vertical and cohesive growth, in contrast to the pattern o f reef degradation typically observed on previous native oyster restoration projects (Smith et al. 2005) (Fig. 1) .
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The native oyster metapopulation on the restored reef system in the Great Wicomico River greatly exceeds recently proposed criteria for sustainability (Powers et al. 2009 ): (1) it is comprised o f multiple year classes at high abundance, which buffers
year-to-year variation in spat settlement; (2) it is composed o f young and old adults that have survived disease challenge; (3) the reefs are accreting (i.e. growing) at a rate that will provide settlement habitat for future generations; and (4) it receives sufficient spat settlement and recruitment to sustain the population over the long term.
The recent recovery of a native Crassostrea virginica metapopulation in the Great
Wicomico River o f Chesapeake Bay, as well as limited successes in other North
American estuaries (Lipcius and Burke 2005 , Nestlerode et al. 2007 , Taylor and Bushek 2008 , Powers et al. 2009 ), highlight the critical importance o f two common features o f successful reefs-protection from fishing and high vertical relief (Lenihan and Peterson 1998 , 2004 , Lenihan 1999 . Past oyster restoration efforts operated under the mistaken premise that fishery and ecological restoration could be accomplished simultaneously (Mann et al. 1991 , US Army Corps 2009 ). This approach failed to stem the decline in oyster stocks, and led to the widespread use o f more efficient fishery methods such as power dredging, the most destructive technique o f harvesting oysters (Lenihan and Peterson 2004, Smith et al. 2005 ). This strategy promoted partial fishery recovery via put-and-take fisheries at the expense o f ecological restoration, and consequently perpetuated the precipitous decline o f oyster populations in Chesapeake Bay as well as along the Atlantic and G ulf o f Mexico coasts o f North America (Rothschild et al. 1994 , Jackson et al. 2001 , Kirby 2004 , Lotze et al. 2006 ).
The Great Wicomico River restoration project deviated significantly from prior restoration attempts in the Chesapeake Bay by building oyster reefs o f high vertical relief at a broad spatial scale in large sanctuaries protected from fishery exploitation, and in locations characterized by high recruitment (Schulte 2003 , Tarnowski 2007 . Typical 
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Closing Thoughts
Working towards restoration o f native oyster to lower Chesapeake Bay with the primary focus on ecology and population recovery, not commercial fishery augmentation, has been a very difficult endeavor and one that I may not have taken up had I known how politically charged it was. Upton Sinclair put it nicely when he said: "It is difficult to get a man to understand something, when his salary depends on his not understanding it. " ata  20  72  20  1300  21  192  18  3200  22  66  28  800  23  146  18  1500  24  12  2  120  25  36  4 8  140  26  84  170  no data  27  208  20  2500  28  140  8  900  29  10  64  200  30  220  490  3400  31  60  108  250  32  172  34  1600  33  50  76  4000  34  88  16  1200  35  34  76  800  36  80  16  500  37  36   4   600  38  92  11  500  39  56  30  1050  40  220  490  no d ata  41  84  266  no d 
